Microbial polysaccharides can serve as renewable sources for hydrocolloids used in food, pharmaceutical, and other industrial applications. Xanthan, gellan, dextran, and alginate are among the common microbial polysaccharides in current use. Although only limited numbers of microbial polysaccharides are commercialized, several approaches to modify microbial polysaccharides are laid out to improve their functional and technological properties via physical and chemical cross-linking reactions. This review discusses the properties of microbial polysaccharides as well as several methods of physical and chemical cross-linking for polysaccharides modification.
INTRODUCTION
Most polysaccharides are hydrocolloids, as they are water-loving polymers and dispersed spontaneously in water. Hydrocolloids are high molecular weight polysaccharides that have been utilized as stabilizer, emulsifier, thickener, and gelling agent primarily in food products such as bread, sauces, syrup, ice cream, instant food, beverages, and ketchup. [1] In the pharmaceutical industry, hydrocolloids are used in drug delivery systems particularly in capsule formation, hydrogel, nanoparticles, microsphere, and matrix tablets. [2−7] Among commercial hydrocolloids used in food, cosmetics, and the biomedicine industry, gelatin offers multifaceted applications because of its unique properties such as gelling, binding, thickening, stabilizing, and film forming agent. Gelatin, derived from partial collagen hydrolysis, is the most common hydrocolloid that is commercially available in various applications. Hitherto, the most ubiquitous source for commercial gelatins are limited to pig skins or cow skins and bones, conceivably due to the relatively low cost of the final gelatin product. [8] While the end-use markets for gelatin is largely comprised of food and beverage companies, the world market for gelatin is anticipated to witness steady growth driven by stable consumption patterns in the pharmaceutical and nutraceutical end-use industries. Future growth in the market is expected to chiefly stem from the emerging economies of India and China due to better standards of living and higher consumption of gelatin in the food industry. By 2015, the global market for gelatin is estimated to reach 357.8 thousand metric tons driven by increasing demand from developing economies and rising use of gelatins as biomaterials in cosmetic formulations. [9] For particular groups of consumers, the applications of animal-based-gelatin in the food and pharmaceutical products are restricted because the animal source does not meet their religions' requirement. Muslims and Jews are prohibited to consume any pork related products, Hindus are not allowed to consume beef, while vegetarians and vegans do not include any meat in their diet. [10] The outbreak of bovine spongiform encephalopathy (BSE) or "mad cow disease" in the 1980s is another concern for consumers due to the risk of consuming gelatin from infected cattle. [11] Food processors are already seeking substitutes for animal-sourced ingredients. Although these alternatives meet some gelatin characteristics, none is yet available that matches all the desired functional properties of gelatin. Until now macromolecules of plant origin includes starch, locust bean gum, guar gum, carrageenans, and alginate, have captured the commercial market for their ease of availability and cost-effective purification process. However, renewability, stable cost, constant, and reproducible physico-chemical properties of the microbial polysaccharides have provided them an edge over the macromolecules of plant origin, although so far only few of them have been commercialized. [12, 13] One limitation is polysaccharides-based gels generally lack of molecular backbones flexibility which tend to have higher viscosities compared to animal-based gelatin. [14] In searching for an alternative to natural ingredients derived from animals and plants, many researchers have discovered the potential of microbial polysaccharides as viscosifying, stabilizing, emulsifying, or gelling agents in food and pharmaceutical products. Several biological activities such as antitumor, [15, 16] antioxidant, [17] antibacterial, [18] antiulcer, [19] and cholesterollowering activity [20] have been found in several microbial polysaccharides. Through the discovery of xanthan, gellan, and dextran, microbial polysaccharides have gained increasing attentions due to their novel functionalities, chemical and physical properties, reproducibilities, and cost production stabilities. [21, 22] Microbial polysaccharides can be classified into three different groups according to their morphological localization; intracellular, cell wall, and extracellular polysaccharides. These polysaccharides can also be either homo-or heteropolysaccharides. [23] The structural characteristics of microbial polysaccharides would influence the functional properties of food product formulation. However, these polysaccharides are generally not available in the quality needed or their rheological properties do not meet the requirement of food hydrocolloidsoids. Therefore, most microbial polysaccharides used are modified to extend their functional properties. This review will discuss several methods both by physical and chemical cross-linking reactions. Chemical crosslinking differs from physical cross-linking by the presence of cross-linking agents which are toxic and should be completely removed before consumption. [24] The cardinal points of this review are to present basic background of microbial polysaccharides and several approaches used in physical and chemical cross-linking reactions.
Microbial Polysaccharides
Intracellular microbial polysaccharides are located inside on part of the the cytoplasmic membrane, while cell wall polysaccharides form a structural part of the cell wall. Extracellular polysaccharides or exopolysaccharides (EPS) exist either associated and covalently bound to cell surface in the form of capsule, or loosely bound to cell surface in the form of slime. [25, 26] EPS have gained greater interest in the food industry ever since xanthan and gellan have been permitted as food additives in the United States and Europe. Most microorganisms are able to secrete EPS naturally into the extracellular environment with a few microorganisms having great ability to exude EPS in high amount (> 40gL −1 ) under stress condition. [27−29] Several industrial attributes that make EPS available for commercial use are the productions of EPS take only days compared to months for plant-based hydrocolloids and there is no land needed for cultivation. Apart from that, industrial wastes such as hydrocarbon residues and glycerols can also be used as carbon substrates. [30] [31] [32] Despite the advantages of microbial EPS that are industrially compelling, the production cost is the crucial factor that restraining EPS production. The expenses are commonly on substrate required for microbial growth and on bioreactors to grow microorganisms in a large quantity. [29,33−39] Hence, extensive studies should be done to optimize the capability of microbial to produce EPS polysaccharides for formulating novel and enhanced functional food ingredients with both nutritional and economic benefits. Prior to that, comprehensive understanding on physical and chemical properties of microbial polysaccharides could help researchers in developing food hydrocolloidsoids that meet desired characteristics.
Physical Properties
There are two major groups of polysaccharides; homopolysaccharides and heteropolysaccharides. Homopolysaccharides contain only one sugar component whereas heteropolysaccharides consist of two or more sugar components. [23] Microbial polysaccharides usually exist in linear molecules, although different length of side chains can present in some structures. Diverse condensation linkages in polysaccharides along with variation of monomer sequence give a broad range of possible shapes and architecture. The association of the polymer chains, in which are usually very high molecular weight, results in complex entanglement which contributes to the observed physical properties. [40] These high molecular weight polymers are more likely to form helical strands which are normally in double stranded (kappa carrageenans, xanthan, succinoglycan, gellan) or sometimes in triple stranded (curdlan, schizophyllan). [41, 42] 
Chemical Structure
The most common monosaccharides occur in microbial polysaccharides are D-glucose, D-galactose, and D-mannose; L-fucose and L-rhamnose; and N-acetylhexosamines-N-acetyl-D-glucosamine and N-acetyl-D-galactosamine. Uronic acids such as D-glucuronic and D-galacturonic could present in some microbial polysaccharides. Many other sugars are also present in microbial polysaccharides but the occurrence is much more limited than are those discussed above. Microbial polysaccharides often carry acyl substituents either ester-linked acetate or ketal-linked pyruvate, which influence the structures and physical properties of these polymers. Ester-linked O-acetyl group is typical organic substituent in microbial polysaccharides structure. These constituents do not influence the overall charge of the polysaccharide molecule but they may induce some complex and intriguing effects on polysaccharides conformation and interaction. Ketal-pyruvate is another important component in microbial polysaccharides and they do contribute to charge of these polymers. Other ester-linked substituents such as succinyl half ester, propionyl, hydroxybutanyl, glyceryl residues, and sometimes amino acid substituents also have been identified in some microbial polysaccharides. [25] Based on microbial polysaccharide properties mentioned above, it is now possible to relate the physical properties and chemical structures of these polymers. Moreover, the role of side chains and acyl substituent on solution properties also can be evaluated. Researchers could exploit the knowledge on physical properties and chemical composition of microbial polysaccharides to further invent functional hydrocolloids in food, cosmetic and biomedical related applications.
Commercial Microbial Polysaccharides
To date, there is only a small number of bacterial polysaccharides that have been industrially commercialized which include xanthan gum (Xanthomonas campestris), [43] gellan gum (Sphingomonas elodea), [21] dextran (Leuconostoc mesenteroides), [22] and succinoglycan (Rhizobium sp.). [44] Xanthan gum [43] Table 1 summarizes the bacterial species and their corresponding polysaccharides which have potential for commercial uses. The likelihood of finding closely related structures among bacterial polysaccharides further increases when one considers the existence of high degree of homology in many biosynthetic systems, especially in closely related bacterial species.
Xanthan Gum
It has been almost 30 years since the USA Food and Drug Administration has approved the use of xanthan gum for food grade. Xanthan gum is an anionic exocellular exopolysaccharide secreted by Xanthomonas campestris. It consists of β(1→4) linked glucan main chain with alternating charged trisaccharides side chain containing a glucuronic acid residue between two mannose units. [43] Xanthan polymer microstructure is highly dependent on the ionic strength of the solution due to its polyelectrolyte nature. The charge screening effect cause the side chains to fold down to the backbone with increasing ionic strength, leading to a more stable ordered conformation with a higher transition temperature.
[52] Table 2 shows list of fundamental properties of commercial xanthan gum. [53] The application of xanthan is not only limited to the food industry, but also in pharmaceutical and biomedical applications that involve ingestion. In food, xanthan is utilized as thickener, stabilizer, and emulsifier because of its high viscosity at low concentration, solubility in cold and hot water, and stability in highly acidic condition as well as freeze-thaw system. For instance, Zhao et al. [54] has investigated the effect of xanthan gum in whipped cream and reported that the consistency of whipped cream increased with the increase of xanthan gum level to 0.1%. Another study done by Simsek [55] indicated that the application of various xanthan concentrations has influenced the syruping formation on refrigerated dough formulation. By increasing xanthan concentration, the unfavorable syrup formation is notably reduced. Xanthan also involves in synthesizing the proprietary commercial product, PGX ® (PolyGlycopleX ® ), a ternary mixtures of konjac glucomannan, xanthan gum, and sodium alginate. [56] Extensive studies have been done to improve xanthan as multifunctional hydrocolloids in many industries. The process of xanthan production is illustrated in Figure 1 . [57] The production process begins with X.campestris culture maintenance for long-term storage using freeze-drying or (lyophilization) frozen. Inoculation to a large bioreactor is then performed after a small amount FIGURE 1 Xantham gum production. [57] of preserved culture is grown on solid media slants or plates. Growth medium composition, controlled operational conditions (type of bioreactor used, the mode of operation), and the culture conditions (temperature, pH, dissolved oxygen concentration) are crucial for growth of the microorganism and xanthan gum production. After fermentation, the xanthan in the broth, together with bacteria cells and other chemicals are harvested. For isolating the xanthan, the cells are usually removed first, either by filtration or centrifugation. Further purification may include precipitation using water-miscible non-solvents (isopropanol, ethanol, acetone), addition of certain salts, and pH adjustments. [58] Essential parts for modification are the first and terminal mannose residues on the trisaccharide side chain and the helical backbone by inclusion of non-covalent linkage with galactomannans. These interactions however, could also be introduced by the substitution in the trisaccharide side chain using two approaches: Altering the physiological conditions of fermentation or employing different pathovars or strains of X. campestris. Variation of both the bacteria strains and the fermentation conditions used during the production process strongly affects molecular weight, pyruvilation, and acetylation degree of xanthan gum and thus its physico-chemical properties. [57, 59] Another target of enhancement is improving the gelation characteristic of xanthan because by itself, xanthan could only form transient weak gels. The synergistic interaction of xanthan with guar or locust bean gum has been proven to produce stronger gels with optimum 50:50 mixing ratio by weight. [60] Gellan Gellan gum is the trivial name given to the extracellular polysaccharides secreted by Pseudomonas elodea (later renamed as Sphingomonas elodea). These bacteria were first isolated from a water plant (elodea) tissue by Kelco which led to higher production of gellan for commercial uses. [61] Gellan is a high molecular, anionic polysaccharide which consists of linear repeating tetrasaccharides: β-Dglucose (DGlc), L-rhamnose (L-Rha), and D-glucuronic acid (D-GlcA) in molar ratio of 2:1:1 with L-glyceric ester at O-2 of the 3-linked D-glucose and acetic esters at O-6 of the same residue. Gellan gum is used extensively in food products particularly in confectionary products, jams, jellies, fabricated foods, and dairy products such as ice cream, milkshakes, and yogurt. [62] This hydrocolloid is also used for cheese coating and also as an agar replacement in several Japanese foods like hard bean jellies, misumame jelly cubes, and tokoroten noodles. [63] Gellan exhibits a wide range of gelation characteristics where acylated gellan forms soft, elastic, thermo-reversible gels but becomes hard, brittle, and thermally irreversible in the de-acylated form. The gels appear transparent when the ionic strength and polymer concentration is low. Raising the ionic strength results to higher gel turbidity which is believed to be caused by intermolecular aggregation and addition of sucrose can be used to refurbish the lucidity of the gels. In acidic conditions, the strongest gel can be produced. [64−66] 
Dextran
Dextran is an exopolysaccharide which is primarily made up of (1→6) linked α-D-glucopyranose units, commonly excreted by Leuconostoc mesenteroides NRRL B-512 F but newly isolated strains of Leuconostoc mesenteroides PCSIR-4 and PCSIR-9 have been reported to produce dextran with different quality. [67] Different genus of bacteria such as Streptococcus and Acetobacter have been also found to produce dextran. [68, 69] These bacteria release an enzyme called dextrasucrase to convert sucrose to dextran and fructose. [70] Important characteristics that allow dextran to become functional hydrocolloids are its flexible structure due to free rotation of glycosidic bonds, its high solubility in water, and its biocompatibility and biodegradability for biotechnology exploitation. Dextran, and its derivatives, are generally used in the pharmaceutical industry and utilized as thickener for jam and ice cream in food products because they prevent crystallization of sugar, improve moisture retention, and maintain flavor and appearance of various food items. [67, 71, 72] 
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Alginate
Alginate consists of linear copolymers of repeated mannuronic and guluronic acids residues that form poly-mannuronic acid (MMMMMM), poly-guluronic acid (GGGGGG), and mixed sequences (GMGMGM) Alginate is commonly produced by extraction from brown seaweeds which undergoes alkali treatment with aqueous solution, generally NaOH. Several microorganisms namely Pseudomonas aeruginosa and Azotobacter vinelandii can also synthesize alginate. [73, 74] Although the cost of algal alginates is typically low, their production can cause environmental risk (e.g., pollution). The physiochemical of alginate from algal source differs from microbial source in term of the length of each block as well as G and M ratio, however alginates synthesized by A. vinelandii shows a similar structure of block copolymer to the one of algal alginate. [74] Alginate are extensively used as thickeners, stabilizers, gelling agents, and emulsifiers in food, textile, paper making, and pharmaceutical industries owing to its biocompatibility, low toxicity, relatively low cost, and mild gelation condition. [75] 
Modification of Microbial Polysaccharide
Microbial polysaccharides have a great potential as renewable source in addition to plant extracts and animal-based functional hydrocolloids. The physiochemical properties of microbial polysaccharides, however, may not be adequately available in the form of hydrocolloids requirement. Therefore, these polysaccharides should undergo modification to extend their functional and technological properties for food, pharmaceutical, and biomedical applications. Microbial polysaccharides encounter modification as early as in the production process. The production of EPS is significantly influenced by different environmental factors such as incubation pH and temperature, carbon and nitrogen source, ion source, oxygen and aeration rate as well as dilution rate. [76] These environmental factors could dictate the yield of polysaccharides, type and size, [77, 78] and viscosity of broth culture. [79] Apart from environmental factors, modification also takes place in the form of physical and chemical cross-linking reactions. This modification is usually applied to enhance gelation characteristic of hydrogels, the hydrated form of polysaccharides. Hydrogel is a polymeric networks, which absorbs and retains large amounts of water. Aqueous solutions of hydrophilic polymer show Newtonian behavior at low or moderate concentrations due to lack of substantial chains entanglement. In the pharmaceutical industry, cross-linked polysaccharides function as coating or embedding the medicines active ingredient in the drugs invention. [80] Physical cross-linking differs from chemical cross-linking in such that physical cross-linking occurs in the absence of cross-linking agent (Figure 2) . These cross-linking agents are very much avoided because they not only affect the integrity of substances to be entrapped, but also toxic hence, should be entirely removed before in vivo application. By chemical cross-linking, covalent bonds between the different polymer chains are introduced, forming either inter or intra molecular linkages. As a result, these interactions are able to increase mechanical stability of the system compared to physically cross-linked hydrogels. Essential factors for chemical cross-linking are a concentration of cross-linking agent and cross-linking time, where a high concentration of cross-linking agent induces a rapid cross-linking process. [81] Physical Cross-Linking
Ionic interaction
The key to ionic interaction is the polycation can be cross-linked by anions. Using ionotropic gelation method, gellan gum in aqueous environment can encapsulate hydrophilic drug, called proranolol hydrochloride. However, the optimal condition [82] only resulted in high incorporation efficiency but do not modify the release of drug in storage condition (wet or dry state). Based on the same method, cross-linked Ca +2 /gellan beads containing diclofenac sodium can influence the formation and properties of Ca +2 /gellan beads depending on drug (e.g., polymer ratio, pH of cross-linking solution, and speed of agitation). [83] Recently, a study on formation of trivalent ionic Al +3 /gellan hydrogel network beads has been done for prolonged release of glipizide, a prescribed drug for type II diabetes mellitus. [82, 84] Trivalent Al +3 ions, in comparison to divalent Ca +2 ions, were employed based on their higher cross-linking rate. Additional positive charge in trivalent Al +3 ions makes every aluminum ion bind to another carboxylate from gellan molecule. Moreover, this interaction contributes to stronger Al +3 /gellan network. It is due to favorable cation size and supramolecular structure of tetrasaccharide unit in the following coordination of Al +3 ion with oxygen atoms of hydroxyl groups located in gellan chains in close vicinity of the cation. [85] This finding may lead to another investigation such as the effect on hydrogel network using other trivalent ions.
Crystallization
A novel hydrogel system has been invented using stereocomplex-formation to control the release of pharmaceutical proteins. In this system, enantiomeric lactic acid oligomers, polymers of L -lactic acid (PLLA) and D -lactic (PDLA), were coupled to dextran in two separate batches. L -lactic-acid oligomer grafted to dextran and D -lactic-acid oligomer grafted to dextran were further mixed to form biodegradable hydrogel Figure 3 . [24, 86] This reaction occurs in an aqueous solution to avoid the use of an organic solvent. Crystallization by stereocomplex-formation is advantageous because it is self-assemble linking where no cross-linking agent is needed.
Polysaccharide-protein interaction
Polysaccharides-protein interactions commonly occur in food related systems which play a vital role in imparting gelling, stabilizing, thickening, and emulsifying properties in food products. [87−90] When mixing two or more polymers together, the polymer mixture exhibits different characteristic and properties compared to one by single polymer owing to different sources (animal, plant, bacteria, seaweed) of hydrocolloids. In the case of a two biopolymer mixture, such an interaction can lead to three kinds of conditions; incompatibility, co-stability or complexation, (Figure 4) . [91] The incompatibility of two biopolymer system is denoted as a segregative interaction whereas the complexation of two biopolymer system as an associative interaction. Co-solubility takes 340 AHMAD, MUSTAFA, AND CHE MAN
FIGURE 3
The concept of hydrogel system. [24] FIGURE 4 Protein-polysaccharides behavior in mixed biopolymer system. [91] place in a diluted system in which mixing entropy dominates and results in a stable biopolymer mixture. [92, 93] Numerous studies have been done to discover the effect of combining different polysaccharides and proteins to promote gelation. For instance, kappa-carrageenans interact synergistically with milk protein, primarily casein micelles, to generate viscosity and enhance gelation in dairy product formulation. [94] In mixed biopolymer of casein micelles and polysaccharides, where incompatibility occurs, kappa-carrageenans are capable of stabilizing this biopolymer system based on two presented theories; (1) by complementary interaction between negatively charged kappa-carrageenans constituent and positively charged kappa casein constituent as well as steric interaction of negatively charged micelles surface by glycomacropeptide portion of kappa casein, the so-called hairy layer.
Both electrostatic and steric interactions are assumed to stabilize the kappa carrageenans-casein system [95] (2) by weak kappa-carrageenan gel formation which holds the casein micelles suspended, even though concentrations required for stability are below the critical gelling concentration. [96] Another study found that the phase separation (biopolymer incompatibility) of casein micelleslocust bean gum is prevented by both kappa-carrageenan adsorption to casein micelle surfaces and kappa carrageenan helix aggregation. [97] Chemical Cross-Linking
Radical polymerization
Cross-linking reaction by radical polymerization method was well illustrated by poly(2-hydroxyethyl methacrylate) (pHEMA) hydrogel system in the presence of cross-linking agent such as ethylene glycol dimethacrylate. [98] Following that, a number of hydrogel systems have been synthesized using similar procedures. [99] Hydrogel system of water soluble polymers such as dextran is also applicable for cross-linking by radical polymerization, derivatized using (meth)acrylic groups [100] in aqueous solution but the outcome is unfavorable because the level of substitution is relatively low and hydrolysis of glycidyl(meth)acrylate with water soluble polymers is hard to control. As a result, an advanced approach has been proposed to synthesize methacrylated dextran. [101] A comprehensive review paper [102] on succeeding works of chemically cross-linked dextran hydrogel system have been presented, however ultrasound polymerization approach has not been reported yet.
Research on ultrasound in many polymer based application has been widely used as a novel technique for polymer synthesis and emulsion polymerization. [103−105] Current research showed that ultrasound can be used to induce polymerization of water soluble monomers and preparation of hydrogels. [106] The sonification of aqueous solution of monomer 2-hydroxyethyl methacrylate (HEMA) was carried out but a very small amount of polymers were produced. By increasing the viscosity of the solution, higher radical formation hence higher polymerization rate was obtained. For hydrogel preparation, monomers such as 2-hydroxyethyl methacrylate (HEMA), poly(ethylene glycol), dimethacrylate (PEG-DMA), ethylene glycol dimethacrylate (AA/EGDMA), and Bisacrylamide (Am/Bis-Am) and macromers, dextran methacrylate (Dex-MA) were also used. The gelation rate of Dex-MA was much rapid compared to gelation rate of other monomers. They also further studied the solvent composition which includes glycerol/water, sorbitol/water and glucose/water to optimize the operational condition and Dex-MA showed faster in polymerization glycerol/water solvent. The use of different monomers and solvent compositions could be the benchmark for industry to consider the potential of ultrasonic method for manufacturing hydrogels. In addition to polymer synthesis and emulsion polymerization, ultrasound can also influence the rheological properties of hydrocolloids. Tiwari et al. [107] has investigated the effect of high intensity ultrasound on rheological properties of xanthan gum, guar gum, and pectin dispersion. The results showed significant reductions in apparent viscosity and a trend towards Newtonian flow behavior which may be caused by irreversible permanent pyrolysis of hydrocolloids dispersion. These findings give a highlight for the food industry to consider the effect of sonication on rheological properties of hydrocolloids before food containing hydrocolloids are subjected to ultrasound treatment. [107] The advantages of ultrasound are the absence of chemical initiators or costabilizers, low reaction temperatures, faster polymerization rate, higher monomer conversion, and molecular weights polymer can be generated. [108−110] 
Chemical Reaction of Complementary Groups
The presence of functional groups such as OH, COOH, and NH 2 in water soluble polymers influences their solubility properties, which are crucial for hydrogel formation. Chemical reaction of functional groups with complementary reactivity can introduce covalent linkages between different polymers. Cross-linking with aldehydes, addition reaction and condensation reaction are belonged to this type of chemical cross-linking reaction. [24] Cross-linking with aldehydes can be illustrated by Poly (vinyl alcohol) or (PVA) cross-linking reaction with glutaraldehyde in which hydroxyl group of PVA molecules interacts with glutaraldehyde to promote covalent linkages. [111, 112] Gluteraldehyde and other cross-linking agents, such as tripolyphosphate, ethylene glycol, diglycidyl ether, and diisocyanate, are toxic compounds which can inhibit cell growth. [113] Instead, a novel natural cross-linking agent, genipin, has been discovered to be less toxic than glutaraldehyde. [114] Due to its stability and biocompatibility in chitosan hydrogels [115] and formulated kappa-carrageenan/carboxymethylcellulose hydrogel beads, [116] genipin is a good candidate in substituting glutaraldehyde in chemical cross-linking reaction.
For cross-linking by addition reaction, it is achieved when polymers are cross-linked with 1,6-hexa-methylenediisocyanate or 1,6-hexanedibromide. [117] Depending on the concentration of dissolved polysaccharide and concentration of cross-linking agent, polymers produced are stable and degradation could only occur when the backbone of the polymer is degraded by enzymes. Condensation reaction also can be used to cross-link polysaccharide containing amide bonds using NN-(3-dimethylaminopropyl)-N-ethyl carbodiimide. Alginate for instance, gains better mechanical properties than ionically cross-linked gels when it is cross-linked with PEG-diamines in the presence of N-ethyl carbodiimide. The mechanical properties could be controlled by the amount of PEG-diamine in the gel and molecular weight of PEG. [118] CONCLUSION As pointed out throughout this review, microbial polysaccharides can serve as alternative sources to produce multifunctional hydrocolloids in addition to natural polymers derived from animal, plant, and algae. In the food industry, microbial polysaccharides can function as thickeners, stabilizers, emulsifiers, and gelling agents to enhance viscosity and texture of food product formulation. In the pharmaceutical industry, predominantly in drug invention, polysaccharides are extensively being used to develop an efficient drug delivery system. In order to provide biocompatibility, biodegradability, and stability of mixed biopolymers system, polysaccharides can be either cross-linked with salt or protein through physical cross-linking reaction or in the presence of cross-linking agent via chemical cross-linking. Although cross-linking agents are toxic, a novel compound extracted from gardenia fruit, genipin, offers a new direction to develop chemically safe biopolymers to maximize the use of microbial polysaccharides.
